Introduction
Pseudomonas aeruginosa, one of the most destructive of all the opportunist pathogens, is a major cause of contact lens-related ulcerative keratitis [1, 2] , which often leads to corneal scarring and vision loss. Virulence of P. aeruginosa is multifactorial, involving both secreted and cell-associated bacterial products, such as elastase, alkaline protease, protease IV, exotoxin A and exo-enzyme S [3] [4] [5] [6] . Expression of these virulence factors appears to be controlled by signal molecule-dependent cell-cell communication systems, which are used by P. aeruginosa to monitor its own population density in a process known as quorum-sensing [7] .
Quorum-sensing signal molecules, N-acyl-L-homoserine lactones (AHLs), are fundamental regulatory agents of many processes in P. aeruginosa. When present in high enough concentration, these molecules can bind to and activate a transcriptional activator, or R protein, which in turn induces expression of target genes. Two quorumsensing systems, las and rhl, have been reported in P. aeruginosa. In the las system, the AHL signal molecule N-(3-oxododecanoyl) homoserine lactone (OdDHL) triggers a transcriptional activator, LasR, to induce expression of virulence factors such as elastase and toxin A [8] [9] [10] [11] . The signal molecule OdDHL has also been found to be required for microcolony differentiation in Pseudomonas biofilm formation [12] . In the second quorum-sensing system, rhl, the AHL signal Nbutyryl homoserine lactone (BHL) [13, 14] binds and activates the transcriptional protein RhlR to regulate the production of haemolysin and pyocyanin, as well as elastase and alkaline protease [15, 16] . These systems operate in a hierarchical fashion along with a recently described quinolone signalling system [17] .
Proteases are important corneal virulence factors. Elastase (mainly LasB elastase) acts alone or together with other P. aeruginosa proteases to degrade or inactivate several biologically important substrates, including connective tissues and immune system components [18] . Alkaline protease is able to degrade laminin and other substrates, suggesting a possible role for this enzyme in tissue invasion and dissemination [3] . Recently, protease IV has been characterised as a serine protease and correlated with corneal virulence [4] . It has been demonstrated that a protease IVdeficient strain lacks corneal virulence in both rabbit and mouse models of keratitis [19] [20] [21] .
P. aeruginosa strains have been classified into three phenotypes: invasive, acute cytotoxic and neither invasive nor cytotoxic [22] [23] [24] . Both invasive and cytotoxic types of P. aeruginosa are virulent in animal models of corneal infections, and the invasive strains of P. aeruginosa cause more severe corneal damage [25] . The invasive or cytotoxic phenotypes are regulated by a type III secretory system and differ in the genes that are under regulatory control of a transcriptional activator, ExsA [26] . However, it is not known how the quorum-sensing systems or particular virulence factors relate to invasiveness and acute cytotoxicity of the organism.
The pathogenic mechanisms of P. aeruginosa in contact lens-induced corneal infection and inflammation are not well understood. There are likely to be multiple mechanisms that contribute to the induction of clinical events. A previous study demonstrated that most ocular isolates of P. aeruginosa have the ability to produce AHL molecules [27] . In the present study, all the keratitis isolates of P. aeruginosa collected at this centre were investigated for their AHL signal molecule profile and their phenotypic characteristics including protease production, invasiveness and acute cytotoxicity. The purpose of the study was to elucidate any possible correlation between AHL production and phenotype of the micro-organisms.
Materials and methods

Bacterial strains and culture
Twenty-three P. aeruginosa isolates used in the study were isolated from contact lens wearers (Table 1) : 17 from contact lens-induced microbial keratitis (MK) patients, 2 from contact lens-induced acute red eye (CLARE) patients and 4 from asymptomatic subjects. Two non-corneal isolates of P. aeruginosa, strains PAO1 and ATCC 15442, were also included in the study. The AHL reporter strains Chromobacterium violaceum CV026 and Agrobacterium tumefaciens A136 were kindly supplied by Dr Simon Swift (Institute of Infections and Immunity, University of Nottingham) and Professor Staffan Kjelleberg (School of Microbiology and Immunology, University of New South Wales, Australia), respectively. Bacteria were grown in Trypticase Soy Broth (Oxoid) at 358C overnight, apart from A. tumefaciens A136 which was cultured on a supplemented minimal A medium [28] at 308C. Cells of P. aeruginosa were collected and washed once with phosphate-buffered saline (PBS) for invasion and cytotoxicity assays. For examination of the presence of signal molecules and exo-enzyme production, the bacterial culture supernate was collected, filtered through a 0.22-ìm filter and stored at À208C.
AHL extraction and analytical thin-layer chromatography
To evaluate the profiles of AHLs produced by the test isolates, bacterial culture supernates were extracted and subjected to analytical thin-layer chromatography (TLC). A 10-ml sample of culture supernate was extracted twice with equal volumes of ethyl acetate and then dried in a fume hood. The residues of extraction were then dissolved in 100 ìl of HPLC-grade ethyl acetate. Analytical TLC was performed on C 18 reversed-phase TLC plates (Whatman, Clifton, NJ, USA). Chromatograms were developed with methanol: water (60:40, v:v), then air-dried in a fume hood [29, 30] . The TLC plate was then overlaid with a thin film of agar seeded with the AHL reporter strain C. violaceum CV026 that produces the blue colour violacein in response to AHLs with N-acyl side chains between 4 and 8 carbons in length (e.g., BHL) [31] . After incubation of the plate at 308C for 24 h, AHLs were located as purple spots on a white background. Alternatively, TLC plates were overlaid with a culture of the reporter bacterium A. tumefaciens A136 seeded in a thin layer of agar containing X-Gal. This traG::lacZ/traR reporter detects 3-oxo-substituted AHL derivatives with acyl chain length from 4 to 12 carbons (e.g., OdDHL) [29, 30] . The development of blue spots indicated the induction of â-galactosidase expression in the reporter strain caused by the presence of AHLs. All the experiments were performed at least twice.
Bioassay of AHL production
The level of AHLs in bacterial culture supernates was quantified by examining the ability of samples to activate traR in the â-galactosidase reporter strain A. tumefaciens A136 as described previously [32] . Briefly, an overnight culture of strain A136 in a supplemented minimal A medium [28] was diluted in the same medium to an optical density of 0.2 at 660 nm (OD 660 ) and stored on ice. Each bioassay tube contained 2 ml of the A136 bacterial cell suspension and 0.5 ml of test supernate. The mixtures were incubated at 308C in a water bath for 5 h with rotation at 100 rpm. The â-galactosidase activity was then measured as described 1064 H. ZHU ET AL.
by Miller [28] . The bioassay of AHL production was performed three times for each strain.
Exoprotease assay
The total protease activities in the culture supernates of the test strains were quantified with Hide azure blue powder (Sigma) as a substrate [33] . LasB elastolytic activity was determined by its ability to cleave elastinCongo red (Sigma) and release red colour, as described by Schad et al. [34] . The protease IV activity of each strain was quantified by its ability to cleave the chromogenic substrate Chromozyme PL (Boehringer Mannheim, Germany), as described by O'Callaghan et al. [4] . For all tests, duplicate tubes were used for each sample and the assays were run three times. All the enzyme activities in the culture supernates were normalised to the densities (OD 660 ) of the cultures grown. The protease profile of the culture supernate of each strain was also examined twice by zymography by non-reducing SDS-PAGE in gels containing acrylamide 7.5% w=v and gelatin 0.1% w=v as substrate [35] .
In-vitro invasion and cytotoxicity assay
An immortalised human cornea epithelial cell line (HCE) [36] was used for invasion and acute cytotoxicity assays. HCE cells were cultured to a confluent monolayer in a modified supplemented hormone epithelial medium (SHEM) [37] as described previously [32] . Confluent monolayers of HCE cells were incubated with bacterial suspensions containing 10 6 cfu/ml in Eagle's Minimal Essential Medium (MEM; Life technologies, Grand Island, NY, USA) buffered with NaHCO 3 0.035% w=v and bovine serum albumin 0.6% w=v. Bacterial invasion was quantified by a gentamicin survival assay [38] after incubation for 3 h. Briefly, after treatment with MEM containing gentamicin 200 mg/L for 2 h, the cells were washed once and lysed by treatment with Triton X-100 0.25% (38) 18 (4) MK, contact lens-related microbial keratitis; CLARE, contact lens-induced acute red eye; AS, asymptomatic. Ã Invasive, .1000 cfu invaded 4 3 10 5 human corneal epithelial cells per well in a 24-well plate; cytotoxic, .20% loss of cell viability; None, neither invasive nor cytotoxic; ND, not determined. y The AHL profiles were examined by thin-layer chromatography and with the reporter strains C. violaceum CV026 and A. tumefaciens A136, respectively. In all tests where OdDHL was produced a spot presumptively identified as ODHL was also seen. The AHL levels, mainly 3-oxosubstituted AHL derivatives, were obtained by evaluating the ability of samples to induce the â-galactosidase activity in reporter strain A. tumefaciens A136, then normalised by dividing the activity (U) with the bacterial culture density at OD 660 . Mean values (SD) were obtained from three determinations. { The protease profile grouping was based on the zymography results. The activities of total protease, elastase and protease IV were normalised by dividing the enzyme activity (mU) with the bacterial culture density at OD 660 . Mean values (SD) were obtained from three determinations. 
Statistical analysis
Production of AHLs and protease between different groups of bacteria was compared by a two-tailed MannWhitney non-parametric test. A two-tailed Pearson (r) correlation test was used to determine the significance of correlation among the properties tested.
Results
Production of AHL molecules
There were at least four different AHL spots discovered in most of the test isolates when TLC was used in combination with two AHL biosensors ( Table 1) . With the reporter strain C. violaceum CV026 (Fig. 1) Fig. 2 and Table 1 ). The levels of AHLs in the isolates tested, mainly 3-oxo-substituted AHL derivatives quantified by using the reporter strain A. tumefaciens A136, are shown in Table 1 . The amounts of AHLs produced by ocular isolates were different. The majority of MK isolates (14 of 17, except isolates 26, 6206 and 17) produced high levels of AHLs (.70 U/ml/OD 660 ), whereas most of the isolates from asymptomatic subjects (3 of 4) as well as the CLARE isolate 1 had little AHL activity (Table 1) .
Protease production
The ocular isolates of P. aeruginosa produced at least one active protease. The isolates could be classified into three groups based on their protease profiles in gelatin gels. The majority of the isolates belonged to group I with major bands of 51, 98, 120 and 145-163 kDa and a diffuse region of protease activity near the top of the zymogram (Fig. 3) . The group II isolates, 10, 23, 32, 2, 4, 26 and 6206 ( Fig. 3 and Table 1) , with a major band of 98 kDa, were divided into subgroups (a) and (b), with or without two minor bands, respectively -one of 51 kDa and another .200 kDa (Fig. 3) . The group III isolates included isolates 1, 3 and 17 with one major band of 145 kDa and two minor bands of 51 kDa and .200 kDa.
The total protease, elastase and protease IV activities for each test isolate are listed in 
Invasion and cytotoxicity of P. aeruginosa strains
Corneal isolates of P. aeruginosa showed differences in their abilities to invade or produce acute cytotoxicity in HCE cells (Table 1 ). All the test strains were either invasive (viable counts .1000 cfu in the invasion assay) or cytotoxic (culture supernates caused .20% loss of cell viability) except isolate 1 (255SD186 cfu invasion, 5SD1% cytotoxicity) and strain ATCC 15442 (247SD115 cfu invasion, 7 SD 3% cytotoxicity), which were neither invasive nor cytotoxic. Isolate 32 was gentamicin-resistant (therefore invasion could not be quantified) and not cytotoxic. More MK isolates were invasive than were cytotoxic (p ,0.01). Three of four isolates from asymptomatic subjects were cytotoxic but not invasive. Of the two CLARE isolates, one was noncytotoxic and non-invasive and the other was invasive.
The invasive isolates had low or no cytotoxicity, and the cytotoxic isolates showed little to no invasiveness, as shown previously [39] .
Correlation between the production of AHLs and the phenotypes
The isolates with high levels of AHLs (.70 U/ml/ OD 660 ), mainly OdDHL and other 3-oxo-substituted AHL derivatives detected by the reporter strain A. tumefaciens A136, showed high levels of protease activity. There was a significant correlation between the levels of AHL signal molecules and the production of total proteases (Pearson r ¼ 0.82, p ¼ 0.0001), elastase (Pearson r ¼ 0.88, p ¼ 0.0001) and protease IV (Pearson r ¼ 0.72, p ¼ 0.0001). Moreover, all the isolates that showed high protease activities also exhibited high numbers and intensity of AHL spots on TLC plates ( Table 1 ).
The mean AHL levels (Fig. 4) and total protease activity ( Fig. 5) for invasive isolates were significantly higher than for cytotoxic isolates (p ,0.01 for both). All invasive isolates had a similar AHL profile and displayed group I protease profiles. Cytotoxic isolates, except group II(a) isolates 10 and 23, possessed lower amounts and numbers of AHLs (with a lack of BHL) and low protease activity (profiles belonging to either group II(b) or group III). The non-invasive and noncytotoxic CLARE isolate 1 showed low levels of AHLs and proteases, but strain ATCC 15442 produced high levels of AHLs and proteases. [30, 42] , is indicated. Fig. 3 . Gelatin zymograms of proteases produced by representative strains from three different protease groups of ocular isolates of P. aeruginosa. Group I shows major bands of 51, 98, 120 and 145-163 kDa, and a diffuse region of protease activity near the top of the zymogram; group II(a) shows a major band at 98 kDa and two minor bands at .200 kDa and 51 kDa; group II(b) shows a band of 98 kDa; group III shows one major band at 145 kDa and two minor bands at .200 kDa and 51 kDa (arrows).
Discussion
Examination of the AHL profiles of ocular P. aeruginosa isolates revealed that there were differences in the types and levels of AHL production. The AHL profiles of MK isolates were not identical. Most P. aeruginosa isolates produced at least four AHLs and this agrees with previous reports [13, 30, [40] [41] [42] . P. aeruginosa PAO1, a non-ocular strain, has been shown to produce at least four different AHLs -two major AHLs (OdDHL and BHL) and two minor AHLs (OHHL and HHL) [41] . In the current study, seven isolates 17, 26, 6206, 1, 2, 3 and 4) of 23 ocular isolates, including three MK isolates (17, 26 and 6206), produced very low levels of AHLs (mainly OdDHL and HHL), indicating the complexity of the quorumsensing systems even within the same species. It has been reported that environmental conditions determine the AHL production in P. aeruginosa as cystic fibrosis clinical isolates produced higher levels of BHL than OdDHL in biofilms but not when grown in broth culture [43] . In a previous study, AHLs were detected when invasive P. aeruginosa strains were co-cultured with human corneal epithelial cells, and these mammalian cells stimulated the bacteria to produce more protease activities, due to greater AHL production, than in broth culture [32] . Thus, it has to be borne in mind that the profiles of quorum-sensing signal molecules of P. aeruginosa in different environments may be quite different. Further investigation of AHL production in vivo or AHL-controlled gene regulation during corneal infection is warranted.
Signal molecules OdDHL and BHL are involved in regulation of the expression of elastase [8, 10] . The observation in the present study that high levels of AHLs were always present in isolates with high levels of elastase, and those isolates with little to no detectable AHLs were defective in the production of elastase supports previous findings [8, 10] . Furthermore, the protease IV-deficient isolates in the present study showed little or no detectable OdDHL and BHL, indicating that OdDHL-and BHL-mediated quorumsensing systems may also be involved in the control of the production of protease IV in P. aeruginosa. Protease IV is one of the virulence determinants in P. aeruginosa during corneal infection. P. aeruginosa strains that produce protease IV are highly damaging to rabbit and mouse corneas whereas strains that are deficient in protease IV have reduced virulence [4, 20] . The regulation of protease IV production is not well known and warrants further investigation. P. aeruginosa invasive and acutely cytotoxic strains differ in genes that are regulated by ExsA, a transcriptional activator. Invasive P. aeruginosa strains possess the genes exoS and exoT but lack exoU [44] , whereas acutely cytotoxic P. aeruginosa strains possess exoU and exoT but lack exoS [26] . It is not known whether AHL-mediated quorum-sensing systems are directly involved in the regulation of the corresponding exotoxins (ExoS, ExoT and ExoU). P. aeruginosa secretes several other potentially cytotoxic factors, including exotoxin A, haemolysin and the phenazine derivative pyocyanin [45] , which are known to be regulated by AHL-mediated quorum-sensing systems [15, 16] . However, the present study revealed that most of the acutely cytotoxic isolates (6 of 8 strains) produce low levels of AHLs, suggesting that those extracellular virulence factors regulated by AHL-mediated quorumsensing might not be essential to cause acute epithelial cell death. The other two cytotoxic isolates (10 and 23) displayed high AHL and protease activities similar to invasive isolates, indicating the diversity and complexity of the phenotypes of ocular P. aeruginosa isolates. The mean protease activity in the invasive isolates was significantly higher than in the cytotoxic isolates (p ,0.01).
An earlier study suggested that exoprotease production regulated by AHLs in invasive P. aeruginosa strains may contribute to the disruption of human corneal epithelial cells at a late stage after challenge [32] . The findings in the current study that high levels of AHLs and proteases are present in all invasive isolates also suggests that high protease activities may be the mechanism by which the organism induces chronic cell death in mammalian cells rather than acute cytotoxicity. However, in the present study the protease activities and invasiveness of the isolates were correlated only with the AHLs detectable by the reporter strain A. tumefaciens A136. The precise role and relationship between the production of each AHL and the different bacterial phenotypes need to be further elucidated with more specific and sensitive AHL detection methods.
All the MK isolates of P. aeruginosa were either invasive or acutely cytotoxic to human corneal epithelial cells, and the ability of any particular isolate to invade or induce cytotoxicity was inversely correlated. These results agree with previous findings with murine corneal epithelial cells [39] . The present study suggests that different phenotypes of MK isolates not only differ in their ability to invade or induce cytotoxicity in HCE cells, but also differ in their ability to produce various extracellular products such as AHLs and proteases. Invasive isolates produced quantitatively and qualitatively more AHLs and proteases compared with cytotoxic isolates. This may partially explain the previous findings that the invasive strain 6294 caused more severe corneal damage in an animal model compared with a cytotoxic strain 6206 [23] . Corneas infected with an invasive strain of P. aeruginosa often lose their epithelial layers in the affected area, leaving an exposed stroma [23] . High levels of proteases produced by invasive strains may account for this phenomenon. The observation that more invasive isolates were isolated from MK events may imply that invasive strains have a higher potential to induce such infection.
In conclusion, virulence determinants in various phenotypes of the MK isolates were different. Isolates either had the ability to produce high levels of AHLs and proteases and to invade corneal epithelial cells or they produced low levels of AHLs and proteases and induced an acute cytotoxic effect in corneal epithelial cells. The results suggest that bacterial signal molecules (AHLs) may be associated with the production of proteases and expression of the invasive phenotype in P. aeruginosa. 
